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The biosynthesis of the glycopeptide antibiotic teicoplanin was studied by growing a teicoplanin producing strain of Actinoplanes teichomyceticus (ATCC 31121) on glucose containing either 34.0% [1- 13 C]glucose or 9.7% [U- 13 C]glucose. The fractional enrichment pattern of teicoplanin produced in the medium containing [1-
13 C]glucose was obtained from a one-dimensional 13 C spectrum. The enrichment pattern showed characteristic peaks indicating that amino acids 3 and 7 are derived from acetate, whereas amino acids 1, 2, 4, 5, and 6 are derived from tyrosine. Multiplet structures in heteronuclear single quantum coherence spectra of teicoplanin produced in the medium containing [U- 13 C]glucose showed characteristic coupling patterns supporting these results. Fractional enrichment patterns and multiplet structures of the three sugars in teicoplanin showed that about 50% of the sugars have the same labeling pattern as the glucose substrate whereas the rest have a labeling pattern showing that they are reassembled, probably from precursors in the primary metabolism.
Teicoplanin, a group of antibiotics produced by Actinoplanes teichomyceticus, belongs to the vancomycin-ristocetin family of glycopeptide antibiotics (1) (see Fig. 1 ). It acts by blocking cell wall biosynthesis (2) and it is used to fight Gram-positive pathogens resistant to frequently used antibiotics, such as methicillin-resistant Staphylococcus aureus, coagulase-negative staphylococci, clostridia, and enterococci (3) . World-wide problems with methicillin-resistant S. aureus have resulted in an increased use of vancomycin and teicoplanin, the only agents that effectively treat these infections. Glycopeptide antibiotics are characterized by a peptide core consisting of seven amino acids connected by six peptide bonds. At least five of the amino acids are aromatic and the molecule contains a triphenyl ether moiety and a diphenyl group. This basic structure is termed the aglycone. In most cases one or more sugars are linked to the aglycone at different positions through glycosidic bonds. In the lipoglycopeptides, including teicoplanin, linear or branched fatty acids are linked to the amino group of a glucosamine or 2-aminoglucuronic acid. The teicoplanin aglycone consists of Biosynthesis of the glycopeptide aglycones includes synthesis of the uncommon amino acids constituting the heptapeptide, polymerization of the amino acids, formation of ether and carbon-carbon bonds between the phenylic groups, and modifications like chlorination. Polymerization of the amino acids is probably performed by peptide synthetases by the thiotemplate mechanism, but there is no experimental evidence to support this. Analyses of 13 C NMR spectra of avoparcin (5), vancomycin (6), ardacin (7), and ristocetin (8) produced by fermentations supplied with the 13 C-labeled precursors p-hydroxyphenylglycine, tyrosine, and acetate have shown that the biosynthesis of these aglycones is similar. In all four cases p-hydroxyphenylglycine, ␤-hydroxytyrosine, and 3-chloro-␤-hydroxytyrosine are derived from tyrosine whereas m,mЈ-dihydroxyphenylglycine is derived from acetate probably by cyclization of a polyketomethylene chain, i.e. a polyketide (Table I) . A tetraketide has been suggested as the substrate for cyclization. It is, however, improbable that ring closure should occur onto a terminal methyl group of the chain. Alternatively, a longer chain may be formed and then degraded after cyclization. Another possibility is that malonate rather than acetate is the chain starter of the polymerization process. This would result in 6-carboxy-3,5-dihydroxyphenylacetic acid which could be converted into m,mЈ-dihydroxyphenylacetic acid by decarboxylation (4, 8) .
Here we studied the origin of the amino acids and the three sugars by analyzing 13 C NMR spectra of teicoplanin from two cultures of A. teichomyceticus grown on defined media containing glucose as the sole carbon source. In the two experiments the glucose contained either 34.0% [1- 13 C]glucose or 9.7% [U-
13 C]glucose. Analysis of the fractional enrichment pattern in teicoplanin produced in medium containing [1- 13 C]glucose and of the coupling pattern in teicoplanin produced in medium containing [U- 13 C]glucose enabled us to distinguish between two types of aromatic residues. The main reason for using 13 C-labeled glucose rather than 13 C-labeled tyrosine and acetate to identify the precursors of the aglycone was that addition of even small amounts of tyrosine to the medium severely reduced growth and production of teicoplanin. An additional advantage of using 13 C-labeled glucose is that the problem of low degrees of incorporation often associated with the use of 13 C-labeled precursors is avoided. Moreover the bacteria grow and produce teicoplanin under more natural and neutral conditions in a medium containing glucose as the sole carbon source compared with a medium containing excessive amounts of a single precursor such as tyrosine. Finally, by using 13 Clabeled glucose we obtained information about the biosynthesis of the three sugars of teicoplanin.
EXPERIMENTAL PROCEDURES
Strain-The strain is an industrial strain used at Alpharma A/S. The strain was chosen by screening for high teicoplanin production after treatments of A. teichomyceticus (ATCC 31121) with N-methyl-NЈ-nitro-nitrosoguanidine.
Culture Conditions-Cultures were grown in 1-liter batch fermentors for 80 h after which the glucose was exhausted and the bacteria had entered stationary phase. The production medium contained the following components: glucose (10 g/liter), KH 2 PO 4 (0.44 g/liter), NaCl (1.00 g/liter), MgSO 4 13 C) was mixed with 9.00 g of unlabeled D-glucose. The fermentor was inoculated with 5 ml of seed culture taken from a frozen stock culture. The pH of the medium was kept at 7.0 and the temperature was kept at 30°C throughout the fermentation. The aeration rate was 0.5 liter/min.
Isolation and Purification of Teicoplanin-The final titer of teicoplanin in the fermentation liquid was 150 mg/liter. Immediately after termination of the labeling experiment the entire cultivation medium was adjusted to pH 9.5-10.0 with 0.5 M Na 2 CO 3 and 25 ml of ion exchange resin (Amberlite IRA958) in the Cl Ϫ form adjusted to pH 9.5-10.0 was added. The mixture was stirred for 4 h at room temperature during which the pH was frequently adjusted to 9.5-10.0 with 0.5 M Na 2 CO 3 . The ion exchange resin was then separated from the cultivation medium by filtration through a polypropylene net (mesh size 420 m) and washed on the net twice with 100 ml at 40°C in distilled water. The filtrate was filtered through a Whatman filter for isolation of biomass. The filter cake was washed with saline solution and kept at Ϫ20°C for later use. The ion exchange resin was transferred to a 250-ml beaker and washed twice each at 100 ml of 0.1 M NaHSO 3 (pH 6.0). Each portion was stirred for 30 min. Teicoplanin was eluted from the ion exchange resin with 3ϫ 100 ml of 1 M citric acid. The first portion was stirred overnight and the next two portions were each stirred for 4 h. Citric acid solutions containing teicoplanin were pooled and stored at 5°C. The 300 ml of citric acid solution containing teicoplanin was then applied to a hydrophobic interaction column (25 ml, Diaion HP2 MGL). The column was washed with 125 ml of 0.1 M NaHSO 4 (pH 3.0), 175 ml of 0.1 M NaHSO 3 (pH 8.0), and finally 50 ml of 10 mM NaHCO 3 (pH 9.0). Teicoplanin was eluted with 125 ml of 10 mM NaOH in 20% (v/v) ethanol. Since teicoplanin is degraded at high pH values the pH of the eluate was continuously adjusted to 6.5-7.0 with 0.5 M acetic acid (9) . The eluate was concentrated and diafiltrated on a cellulose acetate membrane (Amicon YC05) with a cut-off of 500 Da, which retained teicoplanin (1900 Da) whereas ions like Na ϩ and acetate passed through the membrane. The volume of the solution was reduced to 10 ml and diafiltrated using 60 ml of Milli-Q water. Finally the 10-ml teicoplanin solution was freeze dried (time, temperature: 8 h, Ϫ25°C; 20 h, Ϫ10°C; 14 h, 0°C; 12 h, 10°C; 18 h, 20°C). The purity of the resulting teicoplanin as measured by high performance liquid chromatography was in the range of 50 -60% (w/w). The yield after purification was in the range of 60 -70%. Isolation and Hydrolysis of Cell Protein-Frozen biomass was placed in liquid nitrogen and thoroughly ground for 15 min in liquid nitrogen. The frozen white powder was thawed and suspended in 40 ml of demineralized water. Particulate matter was removed by centrifugation for 10 min at 1000 ϫ g. The supernatant was transferred to centrifugation tubes kept on ice and 10% (v/v) 1.2 M HClO 4 was added to precipitate dissolved protein. After centrifugation (20 min, 1000 ϫ g) the supernatant was discarded. The protein pellet was hydrolyzed in 100 ml of 4 M HCl at 105°C overnight. Flushing with nitrogen gas minimized the formation of ash. The protein hydrolysate was filtrated, dried, and redissolved in D 2 O for NMR analysis.
NMR Spectroscopy-NMR spectra were obtained on Varian UNITY INOVA 500 and 750 instruments operating at 500.12 and 750.1 MHz for 1 H and 125.9 and 186.6 MHz for 13 C, respectively. Spectra were recorded at 37°C in dimethyl sulfoxide-d 6 solution. Assignments of chemical shifts for carbon atoms in the aglycone were based on the assignments and proposed three-dimensional structure previously published (10) and verified by heteronuclear multiple bond correlation and HSQC 1 experiments at 750 MHz. Only minor differences were observed. These were probably due to differences in the pH. The enrichment pattern in teicoplanin produced in medium containing [1- 13 C]glucose was obtained from a one-dimensional 13 C spectrum. In order to obtain reliable enrichment fractions for carbon atoms with different T 1 relaxation times, the spectrum was acquired using a long recycle time (3.3 s). Furthermore, no 1 H decoupling was applied during the relaxation delay of 3.0 s, but only during acquisition, so that potential differences in the heteronuclear NOEs did not affect signal intensities. 80,000 scans were acquired at 125.9 MHz over 3 days with a digital resolution of approximately 1 Hz/point prior to zero filling to double the number of points. Fractional enrichments of 13 C could not be obtained by integration of peaks in the one-dimensional spectrum, due to many signals having similar chemical shifts. Fractional enrichments were therefore determined from the signal intensities. This approach showed good agreement with a few values obtained by integration of well separated resonances. The absolute 13 C incorporation was obtained by scaling the measured signal intensities to the intensity of carbon x4, for which the 13 C: 12 C ratio was determined from 13 C satellites in a twodimensional 1 H DQF-COSY spectrum. The coupling pattern in teicoplanin produced in medium containing [U- 13 C]glucose was determined from J-scaled HSQC experiments carried out and analyzed as described previously (11) . It should be noted that scaling of multiplets in the spectrum allows for integration of selected traces and no assumptions related to intensity measurements were made. Assignments of the carbohydrate parts of teicoplanin were made from homonuclear 1 H experiments (COSY, NOESY, and TOCSY) and heteronuclear HSQC and heteronuclear multiple bond correlation experiments and compared with published data on monosaccharides (12) . Connectivities to the aglycone were assigned from nuclear Overhauser effects between anomeric protons and protons in the peptide, as observed in two-dimensional NOESY experiments. The enrichment pattern of tyrosine from a protein hydrolysate from the culture grown in the medium containing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose was obtained as described previously (11) .
RESULTS
Fractional enrichments of individual carbon atoms in teicoplanin aglycone from A. teichomyceticus grown in medium containing 34.0% [1- 13 C]glucose are shown in Fig. 2A . 1 H and 13 C chemical shifts and fractional enrichments for the carbohydrate parts of teicoplanin produced in medium containing [1- 13 C]glucose are shown in Table II . Fractional enrichments in tyrosine from a protein hydrolysate of the culture grown in medium containing [1- Results from HSQC spectra of teicoplanin produced in medium containing [U- 13 C]glucose are summarized in Table III .
DISCUSSION
There are few reported studies on the biosynthesis of the glycopeptide aglycones and none on the biosynthesis of the teicoplanin aglycone. Progress has been hampered by the failure to isolate blocked mutants accumulating biosynthetic intermediates and by the fact that some of the most studied glycopeptides, such as vancomycin, teicoplanin, and ristocetin, are produced by Actinomyces strains in which no system for transformation with exogenous DNA is available (4). Some of the genes and clusters involved in biosynthesis of vancomycin and A82846B have been identified, but the function of these 1 The abbreviation used is: HSQC, heteronuclear single quantum coherence. 13 C into teicoplanin produced in medium containing 34.0% [1-13 C]glucose. A, experimental results. The peaks from carbon atoms x1, x3, and x7 (57.9, 58.0, and 58.7 ppm, respectively) could not be separated and relative intensities were determined from a HSQC spectrum. Peaks from carbon atoms 1d, 4a, and 7a could not be identified with certainty. However, since in all three cases there are no intense peaks in the near vicinity, the lack of identification is probably due to low signal intensities (approximately Ͻ1.5%). B, predicted enrichment pattern when teicoplanin is produced in medium containing 34.0% [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glucose. C, predicted enrichment pattern when teicoplanin is produced in medium containing 18.4% [1- 13 C]glucose and 9.4% [6-13 C]glucose. In this case the labeling pattern of the glucose for teicoplanin biosynthesis corresponds to the measured enrichments of the C-1 and C-6 positions in the carbohydrates of teicoplanin (see Table II ). In B and C, the following assumptions were used: 1) amino acids 1, 2, and 4 -6 of teicoplanin are derived from tyrosine whereas amino acids 3 and 7 are derived from acetate; 2) the precursor metabolites phosphoenolpyruvate, erythrose 4-phosphate, and acetate are formed directly and irreversibly from glucose through glycolysis, the pyruvate dehydrogenase complex and the pentose-phosphate pathway (i.e. no scrambling of 13 C atoms); and 3) in the conversion of L-tyrosine into p-hydroxyphenylglycine C-1 is lost. genes has not been confirmed by gene inactivation experiments (13, 14) . Recently, Pelzer et al. (15) identified genes responsible for glycosylation and coupling of aromatic side chains in balhimycin, a vancomycin-like glycopeptide produced by Amycolatopsis mediterranei DSM5908. Two types of mutants were created by gene inactivation, one producing linear, unglycosylated derivatives of balhimycin and a glycosyltransferase mutant producing the unglycosylated balhimycin aglycone. Based on the structures of these intermediates they suggested that the biphenyl and the biphenyl ether linkages of the aglycone are all formed before glycosylation occurs. The origin of the uncommon aromatic amino acids in avoparcin, vancomycin, ardacin, and ristocetin appears to be similar. In all cases p-hydroxyphenylglycine, ␤-hydroxytyrosine, and 3-chloro-␤-hydroxytyrosine are derived from tyrosine whereas m,mЈ-dihydroxyphenylglycine is derived from acetate (5-8). If teicoplanin follows this pattern, p-hydroxyphenylglycine in positions 1, 4, and 5; m-chlorotyrosine in position 2 and m-chloro-␤-hydroxytyrosine in position 6 should be derived from tyrosine, whereas m,mЈ-dihydroxyphenylglycine in positions 3 and 7 should be derived from acetate. In bacteria L-tyrosine is synthesized de novo from phosphoenolpyruvate and erythrose 4-phosphate. The biosynthetic origin of carbon atoms from phosphoenolpyruvate and erythrose 4-phosphate into L-tyrosine and the incorporation of acetate into m,mЈ-dihydroxyphenylglycine are shown in Fig. 3 . Hosoda et al. (16) studied the conversion of L-tyrosine into p-hydroxyphenylglycine in the biosynthesis of nocardicin A and found that C-1 is lost. This is in accordance with 13 C labeling experiments for ardacin (7) and ristocetin (8) . Table II shows that the fractional enrichments in C-1 and C-6 in the two ␤-D-glucosamines and in ␣-D-mannose are considerably higher than in C-2, C-3, C-4, and C-5. The high enrichments in the C-1 positions can be explained by direct conversion of [1- 13 C]glucose into ␤-D-glucosamine and ␣-D-mannose. The high enrichments in the C-6 positions are probably due to scrambling of 13 C atoms in the primary metabolism. Specific labeling of C-6 could result from [3- 13 C]glyceraldehyde 3-phosphate coming from [1- 13 C]glucose through glycolysis reacting with sedoheptulose-7-phosphate from the pentose phosphate pathway resulting in erythrose-4-phosphate and [6- 13 C]fructose-6-phosphate. [6-13 C]Fructose-6-phosphate can reversibly be converted into [6] [7] [8] [9] [10] [11] [12] [13] C]glucose-6-phosphate. Another possibility is conversion of [1- 13 C]glucose to [3-13 C]glyceraldehyde-3-phosphate and dihydroxyacetone phosphate, followed by equilibration through triose-phosphate isomerase, and then resynthesis of [6- 13 C]glucose-6-phosphate. Assuming that the reassembled sugar units have the same fractional enrichment in C-1 and C-6, the fractional enrichment data (Table II) show that approximately 50% of the sugar units have been scrambled prior to incorporation. Coupling patterns of the three sugars were almost identical (see Table III ). The high amount (73-87%) of doublets in the C-1 and C-6 positions show that only a minor fraction of the C-1-C-2 and C-5-C-6 bonds were broken during synthesis. The fractional intensities of triplets in the C-2 and C-5 positions (44 -70%) show that roughly 60% of the C-1-C-2-C3 and C-4 -C-5-C-6 fragments remained intact during synthesis. Finally, the low amounts of triplets in C-3 and C-4 (26 -32%) indicate that scrambling mainly takes place at the C-3-C-4 bond. This is consistent with the results of the [1-
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13 C]glucose experiment, where the two suggested pathways for specific labeling of C-6 both result in breakage and assembly of the C-3-C-4 bond.
Information about de novo biosynthesis of L-tyrosine and m,mЈ-dihydroxyphenylglycine from glucose gives information about the enrichment pattern in these compounds, and assuming these to be precursors of teicoplanin, the fractional enrichment pattern of the aglycone can be calculated. Fig. 2 , B and C, show the predicted enrichment patterns of the aglycone when teicoplanin is produced in medium containing either 34.0% [1- 13 C]glucose (Fig. 2B ) or 18.4% [1-13 C]glucose and 9.4% [6- 13 C]glucose (Fig. 2C) . Fig. 2C illustrates the case where the labeling pattern of the glucose for teicoplanin biosynthesis corresponds to the measured enrichments of the C-1 and C-6 positions in the carbohydrates of teicoplanin (see Table II ). The enrichment patterns of Fig. 2 , B and C, are based on the assumptions that: 1) amino acids 1, 2, and 4 -6 in teicoplanin are derived from tyrosine whereas amino acids 3 and 7 are derived from acetate; 2) the precursor metabolites phosphoenolpyruvate, erythrose 4-phosphate, and acetate are formed directly and irreversibly from glucose through glycolysis, the pyruvate dehydrogenase complex, and the pentosephosphate pathway (i.e. no scrambling of 13 C atoms); and 3) in the conversion of L-tyrosine into p-hydroxyphenylglycine C-1 is lost. Fig. 2 , B and C, show that it is reasonable to expect different enrichment patterns in amino acids derived from either tyrosine or acetate. The most striking difference is enrichment in the d-position. Predicted enrichments in 3d and 7d are 15 to 18%, whereas predicted enrichments in 1d, 2d, 4d, 5d, and 6d are only 1%. The main observations of the measured fractional enrichment pattern in Fig. 2A are: 1) fractional enrichments in positions a, c, and e are relatively low in all seven amino acids; 2) fractional enrichments in 3d (6.3%) and 7d (6.7%) are significantly higher than in 1d (1.5%), 2d (1.0%), 4d (1.3%), 5d (1.5%), and 6d (1.3%). These observations support the idea that amino acids 1, 2, and 4 -6 are derived from tyrosine whereas amino acids 3 and 7 are derived from acetate. 3) Fractional enrichments in x1 (9.3%), x3 (10.0%), x4 (9.3%), x5 (9.0%), x7 (5.5%), z2 (6.1%), and z6 (6.8%) are relatively high whereas fractional enrichments in x2 (1.8%) and x6 (1.3%) are quite low. These three points are consistent with the predicted patterns of Fig. 2 , B and C. Furthermore, the measured fractional enrichment pattern in L-tyrosine from a protein hydrolysate is consistent with the patterns of amino acids 1, 2, and 4 -6 in Fig. 2A . Fractional enrichments in the ortho positions (b and f in Fig. 2A ) were 8.3% whereas fractional enrichments in the meta positions (c and e in Fig. 2A ) were 1.0%. By comparing the fractional enrichment of the ␤-carbon of tyrosine (11.4%) with those in position x1 (9.3%), x4 (9.3%), and x5 (9.0%), it appears that it is most likely not the ␤-carbon atom that is lost in the conversion of L-tyrosine into p-hydroxyphenylglycine. This has also been observed in the biosynthesis of ardacin (7), ristocetin (8) , and nocardicin A (16), and validates the third assumption in the predicted labeling patterns of Fig. 2 , B and C.
Carbon-carbon connectivities can be traced from [U- 13 C]glucose through the precursor metabolites phosphoenolpyruvate, erythrose 4-phosphate, and acetate into teicoplanin. Fig. 4 shows expected coupling patterns in L-tyrosine, p-hydroxyphenylglycine, and m,mЈ-dihydroxyphenylglycine from A. teichomyceticus grown in a medium containing 9.7% [U-
13 C]glucose. These predicted coupling patterns are calculated under the same three assumptions as described in the legend of Fig. 2 . A major difference between the measured coupling patterns in Table III and the predicted patterns in Fig. 4 is that all the measured spectra consist of weighted superpositions of at least two different types of 13 C labeling patterns. Due to scrambling of 13 C atoms prior to incorporation into teicoplanin, in Table  III , a doublet is always accompanied by a singlet, and a triplet or a double doublet is always accompanied by a doublet and a singlet (for details, see Ref. 17) . Only a few results from Table  III supply information about which amino acids in teicoplanin are derived from tyrosine and which are derived from acetate. Fig. 4 shows that the discriminating features are the multiplet structures in the c, d, and e positions of the aromatic rings and the double doublet of the ␣-carbon in tyrosine corresponding to x2 and x6 in Fig. 1 . Amino acids derived from acetate should have doublets in the c, d, and e positions while those derived from tyrosine should have a triplet in the d position and a superposition of a doublet and a triplet in the c and e positions. In HSQC spectra only proton bound carbon atoms are observable, restricting the analysis of the aromatic carbon atoms to 1e, 2e, 3d, 5e, 6e, and 7d. Table III shows that the fine structures of 3d and 7d both correspond to superpositions of a singlet and a doublet. This supports the hypothesis that amino acids 3 and 7 are derived from two-carbon fragments. The fine structures of 2e, 5e, and 6e consist of superpositions of a singlet, doublet, and triplet. This indicates that amino acids 2, 5, and 6 are derived from tyrosine. The multiplet structure of 1e could not be resolved due to overlap. The double doublets in x2 and x6 further support that these two amino acids are derived from tyrosine. While x2, x6, and the c, d, and e positions of the aromatic rings are important for discriminating between amino acids derived from either acetate or tyrosine, the remaining 13 C multiplets support the notion that the seven amino acids are derived from acetate or tyrosine solely. This can be seen from the fact that all of these carbon atoms have multiplet structures consisting of a singlet and a doublet, which was expected from the predicted coupling patterns in Fig. 4 .
Large precursors are often not taken up by bacteria growing in rich media and in other cases labeled precursors have to be added within a narrow time range to be incorporated into a secondary metabolite (e.g. Ref. 7) . Thus, even if a 13 C-labeled metabolite added to the medium is not incorporated, it cannot be ruled out as a precursor, since incorporation depends on whether the labeled precursor is available for the biosynthetic enzymes in the right place at the right time. Furthermore, the presence of precursors in the medium may cause inhibition of growth and product formation. This was the case when we added 1 mM L-tyrosine to an actively growing culture of A. teichomyceticus (data not shown). By using labeled glucose it is, however, to a certain extent possible to study biosynthetic routes for all parts of complex biomolecules like teicoplanin. In conclusion we have shown that the fractional enrichment pattern of teicoplanin produced in a medium containing [1- 13 C]glucose displays characteristic peaks indicating that amino acids 3 and 7 are derived from acetate whereas amino acids 1, 2, and 4 -6 are derived from tyrosine. Multiplet structures in HSQC spectra of teicoplanin produced in a medium containing [U- 13 C]glucose showed characteristic coupling patterns supporting these results. Fractional enrichment patterns and multiplet structures of the carbohydrate parts of teicoplanin showed that about 50% of the sugar units are synthesized directly from glucose, whereas the rest are reassembled, probably from precursors in the primary metabolism.
